Abstract: An in-line chemical gas sensor was proposed and experimentally demonstrated using a new C-type fiber and a Ge-doped ring defect photonic crystal fiber (PCF). The C-type fiber segment served as a compact gas inlet/outlet directly spliced to PCF, which overcame previous limitations in packaging and dynamic responses. C-type fiber was prepared by optimizing drawing process for a silica tube with an open slot. Splicing conditions for SMF/C-type fiber and PCF/C-type fiber were experimentally established to provide an all-fiber sensor unit. To enhance the sensitivity and light coupling efficiency we used a special PCF with Ge-doped ring defect to further enhance the sensitivity and gas flow rate. Sensing capability of the proposed sensor was investigated experimentally by detecting acetylene absorption lines. 
Introduction
In recent years, micro-structured optical fibers, especially photonic crystal fibers (PCFs) [1] , have attracted considerable interests for sensing applications due to the fact that micro-holes in PCFs can provide a strong interaction between the guided light with gases or liquids filled there within [2] [3] [4] [5] [6] . In terms of the overlap between the light and gas/liquid paths, photonic band gap fiber (PBGF) can provide the highest interaction strength, yet index guiding PCFs have been used as a practical sensing medium due to limited transmission bands of PBGF and better interconnection with conventional single mode fibers (SMFs) [7] .
In PCF-based sensor, however, the rate of gas diffusion into the micron-sized holes caused various limitations in sensing capability [8, 9] . Several ideas have been proposed to overcome this issue, which mainly dealt with designing the inlet/outlet components connected to PCFs for efficiently flowing measurands into the holes of fiber. While the butt coupling method is the most general approach [10] , other methods such as using periodic openings [11] , drilling holes in PCF with a femtosecond laser [12] and drawing fiber with a laterally slotted preform [13] also have been proposed for the gas inlet/outlet. However, those methods still have raised significant difficulties: requirement of elaborated alignment processes for each measurement, broken symmetry in the periodic structure of the PCF, too small holes for efficient measurand entry, as well as sophisticated fabrication processes. Improving the sensing sensitivity in PCF is still an on-going critical issue [14, 15] .
In this study, we demonstrated an-all fiber gas sensor unit by proposing a novel 'C-type' fiber as an inlet/outlet component and utilizing a special Ge-doped ring defect PCF to solve prior limitations such as slow flow, broken symmetry in PCF, and tedious alignment. We fabricated the C-type fiber by a well-established glass working technique and fiber drawing procedures at a relatively low temperature around 1850~1900° C using a commercial silica glass tube with an axial slot. The diameter of the C-type fiber was same as that of SMF and PCF, which allows it to be spliced effectively. Moreover, using C-type fiber as a gas inlet/outlet allowed us seamlessly concatenated all-fiber sensor unit for versatile gas detection applications.
The C-type fiber inlet/outlets were directly fusion spliced to the special PCF as well as SMF with an optimal arc condition to maintain the light guidance along different segments of optical fibers. We used a Ge-doped ring defect PCF as a sensing medium which has a higher sensitivity than conventional index-guided PCF with a central silica defect, as it provided a larger overlap between the optical field and the sensing species [16] . We numerically analyzed this special PCF using a full-vectorial finite element method (FEM) comparing its sensitivity with that of a conventional PCF. Acetylene gas was selected as an example for experimentally investigating the performance of the fabricated sensor unit. Characteristic absorption lines were clearly observed as a 25-cm long composite fiber sensor unit was filled with a mixture of acetylene and nitrogen gases at various pressure levels. The dynamic response of the sensor was also quantified in detail.
Device design and fabrication
A schematic diagram of the proposed device is shown in Fig. 1(a) . The sensor system is composed of a signal light guiding fiber which is single mode fiber (SMF) placed at both ends. The sensing part is PCF with Ge-doped ring defect. The C-type fibers were spliced at both ends of PCF to form the inlet/outlet routes for the gas. We fabricated the C-type fiber by drawing a commercial silica glass tube at a relatively low temperature around 1850~1900° after making a lateral slot in the preform as shown in Fig. 1(b) . Figure 1(c) shows the cross sectional image of the fabricated C-type fiber used in this experiment, which has a diameter of 125µm compatible to SMF and PCF. The diameter of hollow hole, d hole , in the central region is 36.5µm with an opening angle θ = 65°. Note that both d hole and θ are sufficiently large to make the C-type fiber a desirable inlet/oulet compatible to conventional optical fibers. The diameter of the C-type fiber was deliberately kept the same as that of SMF and PCF, which allows it to be spliced effectively. In Fig. 1(d) , the cross section of the Ge-doped ring defect PCF is shown. Note that there is no central silica defect, yet the light guidance was achieved by the high refractive index Ge-doped ring defect [16] , as will be described in the following section. In the proposed gas sensor unit, two important considerations should be made: 1) optimizing the C-type fiber length, and 2) minimizing the collapse of air holes at the interface between the PCF and C-type fibers. To determine the proper length of C-type fiber, the effect of C-type fiber length over the transmission was compared with the free-space guiding. For a given distance between PCF and SMF, transmission was measured through the C-type fiber and then by-passing it. The results are summarized in Fig. 2 . We found that a longer C-type fiber induced more loss in a logarithmic scale, which could be attributed to expansion of the light beam diameter and its reflection and/or scattering at the inner surface of the C-type fiber. Therefore, we chose the length of the C-type fiber less than 60μm in the experiments. We used a fusion splicer (Ericsson FSU975) and an ultra-sonic cleaver (DC-125) to assemble the composite fiber optic sensor unit. As shown in Fig. 3 , C-type fiber was spliced to the single mode fiber (SMF-28) and two ends of PCF were spliced to the C-type fiber. Since PCF and C-type fiber structures and melting status are different from the conventional SMF, optimal splicing parameters were investigated to obtain a low-loss joint with a good mechanical strength, which are summarized in Table 1 . Fig. 3 . Fabrication of the composite sensor unit by using a single mode fiber (SMF) spliced to the C-type fiber (CF) and then spliced to the photonic crystal fiber (PCF) on one side. Due to the air-silica structure of PCF and C-type fiber, the softening point of these fibers was significantly lower than that of the solid SMF. To avoid the air hole collapses in the vicinity of the C-type/PCF splice joint, we used a lower fusion current and a shorter fusion time compared to the SMF/SMF splicing condition. We also applied a less amount of heat to the PCF and C-type joint by offsetting the arc position from the center. We set the arc offset from the center, 245 and 205 μm in the case of SMF/C and C/PCF splices, which correspond to an offset distance of 10 μm and 50 μm respectively. We also optimized the overlap which is the distance over which the PCF and C-type fiber are pushed together, which affects the center alignment and subsequently the coupling loss [16] . We fabricated the sensing unit composed of Ge-doped ring defect PCF of 25-cm long whose ends were spliced to C-type fiber segment of ~60μm long. The C-type was fusion spliced to SMF which serves as the light signal input and output.
Table1. Optimized parameters of splicing different fibers
The photonic crystal fiber utilized in this experiment has GeO 2 -doped hollow ring defects to raise the local refractive index at the center. The schematic structures of the the conventional PCF with the silica central defect and the special PCF are shown in Fig. 4(a) , and (b) respectively. Note that the special PCF does not have central solid defect provides additional central hole where the light can interact with the gas directly, which will increase the sensitivity [16] . We numerically analyzed this PCF structure using a full-vectorial finite element method (FEM) [18] . The sensitivity f, is the ratio of the optical power over the sample area (the holes in PCFs) to the total cross section of the incident beam [19] ,
where E x,y and H x,y are the transverse electric and magnetic field components of the guided fundamental mode. The sensitivity was estimated in the spectral range from 1400 to 1650nm and the results are shown in Fig. 4(c) . At λ = 1530.3 nm, the P9 absorption line of acetylene gas, the sensitivity of our PCF was about 4-times higher than that of a conventional PCF. 
Experimental results and discussions
To experimentally examine the sensing capability of this device, acetylene gas (C 2 H 2 ) was chosen as a standard measurand. The schematic of the experimental set up is shown in Fig. 5 . Light from an Er-doped amplified spontaneous emission (ASE) source passed through the fiber optic sensing unit and measurements were done using an optical spectrum analyzer (OSA) and a power meter. A tunable optical filter (TOF) was also used to control the ASE bandwidth. Fig. 5 . Experimental set up for investigating sensing capability of the proposed fiber optic sensor unit. A tunable optical filter (TOF) was used to narrow the light bandwidth before coupling light into the fiber. The transmission spectrum was monitored using an optical spectrum analyzer (OSA)
The gas chamber containing the fiber optic sensor unit was evacuated to 10 −2 Torr by a vacuum pump at room temperature. Then the chamber was filled with a mixture of acetylene (C 2 H 2 ) and nitrogen (N 2 ) gases. Using high accuracy mass flow controllers (MFC), we could vary the partial pressure of acetylene and nitrogen gases. The total pressure inside the chamber was monitored by a vacuum gauge. When the pressure reached 1 atm (~760 Torr), the chamber pressure was maintained during the experiments to eliminate pressure effects in the sensing mechanism [20] .
For a mixture of acetylene and nitrogen gases at a flow rate of 20 sccm, we tried to locate the absorption bands utilizing broadband C-band ASE source (FiberLabs, AMP-FL 8013-CB). The transmission spectra were measured using an optical spectrum analyzer (OSA, Hewlett Packard, 86142A). As acetylene gas was injected to the chamber, its characteristic absorption lines were observed as summarized in Fig. 6 . Here the chamber pressure was 400 Torr. The background spectrum and the spectrum in the presence of acetylene gas in Fig. 6 were normalized to give effective transmission spectra as shown in Fig. 7 . Acetylene gas has rotational-vibrational absorption bands in the 1510~1545 nm range and we could identify P9, P10 and P11 lines distinctively, whose spectral positions are known to be at 1530.3714 nm, 1530.9766 nm and 1531.5882 nm, respectively in the reference data [21] . After identifying the P9 absorption line, we further investigated the dynamic response of the fabricated sensor unit. We used a tunable optical filter (TOF) to select only the light signal near P9 absorption line at 1530.3714 nm. Its transmission power variation by acetylene absorption within the sensor unit was measured using a power meter in real time. Figure 9(a) shows the dynamic response of the sensor unit for various acetylene concentrations in the gas mixture. In order to investigate the dynamic response, firstly the chamber was evacuated to the vacuum level about 10 −2 Torr, then a specific amount of acetylene and nitrogen gases were released into the chamber. When the partial pressure of the chamber reached 400 Torr, gas injection was stopped for the light signal power measurements, and then the chamber was evacuated again. These steps were repeated with varying the amount of acetylene gases to 4.84%, 3.23%, 1.61% and 0.53% while keeping the total pressure at 400 Torr. As shown in Fig. 9(a) , at a higher acetylene gas concentration of 4.84%, the transmission dropped to a saturated level within 14.8 minute. At a lower concentration of 0.53%, it took about ~28 min to reach the signal saturation. Note that the response time did not scale with the concentration such that even the concentration decreased by ~1/9 (from 4.84% to 0.53%), the response time increased only by factor of 1.9 (14.8 to 28.3 minute). Fig. 9 . (a) Dynamic response of the fabricated sensor device for different concentrations of the acetylene gas while keeping the total pressure at 1 atm with adding nitrogen gas (b) Dynamic response of the fabricated sensor in different pressures; gas injection to the chamber stopped at 10, 100, 400 and 760 Torr.
Compared with a prior reports based on conventional PCF with a single opening gap inlet of 50μm between butt-coupled PCF and SMF, the filling process for a 25 cm-long PCF took ~8000 s (133 min) at the atmospheric pressure [11] . Our proposed fiber optic sensor unit, with the same length of PCF, the same gas type and the same pressure showed at least ~4 times faster dynamic response even at a low concentration of ~0.5%. This improvement in response time is mainly attributed to our unique C-type fiber inlet/outlet which allows faster gas flow into the PCF.
The sensor's sensitivity was mainly improved by the special PCF structure. As we showed in Fig. 4(c) , the Ge-doped ring defect PCF can improve the sensitivity about 4-times higher than that of a conventional PCF. On the other hand, the role of C-type fiber was to provide more gas into the holes to interact with light in a shorter time to improve temporal response. Our comparisons indicated the special PCF and C-type fiber inlet/outlet contributed to a higher sensitivity and a faster dynamic response of the proposed sensor unit, respectively.
The dynamic response of the fabricated sensor at various pressures was also examined and the results are summarized in Fig. 9(b) . The chamber was initially evacuated to 10 −2 Torr then filled with acetylene gas at a flow rate of 20 sccm. When the partial pressure of the chamber reached 10 Torr, gas injection was stopped and the saturated transmitted power was measured. Then the gas injection was continued until pressure reached to 100, 400, and finally 760 Torr. We could observe clear steps in the transmission irrespective of the pressure. Even at a relatively low total pressure of ~10 Torr, the sensor could successfully identify the measurand. Note that this sensing capability of the device at a low pressure can provide a high potential in in situ real time applications. The transmission drop took 14.8 min until it saturated when the pressure was increased to 100 Torr. As the pressure was increased further, the gas filling took a shorter time such that at a higher pressure of 760 Torr it took about ~13.3 min to reach the signal saturation. Note that these results are also several folds faster than prior reports in terms of the dynamic response.
The sensing capability could be further improved by optimizing the length of PCF and the PCF structure. The schematic structure of the proposed PCF is shown in Fig. 10 , the proposed defect provides two additional waveguide parameters as indicated in Fig. 10(b) : the thickness w ring and relative index difference Δ ring , of doped ring, which can endow a new degree of freedom in waveguide design for sensor applications. In our previous work [16] , we analysed a new index-guided PCF for chemical sensing applications with a hollow GeO-doped high index ring defect to simultaneously achieve a higher evanescent wave interaction efficiency, a lower confinement loss, and a lower splicing loss than prior PCFs. If we increase the hole size of Ge-doped ring defect, the sensitivity could be further improved due to the increase of the evanescent field overlap with the central hole. The sensitivity can be even more enhanced if we increase the ring width w ring and the relative index difference of the ring Δ ring by providing a tighter confinement of the optical field with a larger overlap with the gas.
Previous papers monitored the dynamic response of hollow fiber-based gas sensors and studied its dependence on fiber length [10, 11] . Increasing the fiber length will prolong the sensor response time though it could improve the sensitivity. Therefore, there exists a tradeoff between the response time and the sensor sensitivity. The optimum length depends on the molecular species to be monitored and the amount of gas present in the environment. For gases with weak absorption lines or in low concentration, sensitivity enhancement can be obtained by using a longer fiber length.
Conclusion
We fabricated an in-line chemical sensing device using novel C-type fiber and Ge-doped ring defect photonic crystal fiber. We demonstrated the all fiber sensor unit which uses 'C-type' fiber as inlet/outlet components can effectively provide a faster gas flux, without distorting PCF structure in seamlessly connected manner. We experimentally found the optimal splicing parameters to avoid air hole collapses in the vicinity of the C-type/PCF splice joint, and to have a properly melted and strong splice joint of SMF/C-type. Using a Ge-doped ring defect photonic crystal fiber we could predict 4-times higher sensitivity than that of a conventional PCF. The sensing efficiency of the proposed device was experimentally investigated using acetylene gas that was flown through a 25-cm length of the Ge-doped ring defect PCF. The P9 line of acetylene was distinctively identified using the proposed device and its dynamic response was also examined. The sensor unit showed more than four times faster dynamics response, which is attributed to C-type fiber in/oulets and the hollow center PCF. We also confirm the sensing capability of the proposed device at a low pressure of 10 Torr. We can further combine C-type fiber in/outlets in other type of holey fibers such as photonic bandgap PCF, hollow optical fiber to further improve sensing capability and dynamic response in all-fiber platform. This device also has high potential to detect biological agents in a liquid along with PDMS micro-fluidic chips, which is being investigated by the authors.
